ABSTRACT In a previous study the possibility that tetralogy of Fallot and transposition of the great arteries may arise as a result of embryonic arrests in the normal rotation of the junction of the outflow tract and the great arteries was investigated. The results suggested that the development of other transposition complexes such as double-outlet right ventricle might also be related to arrests in this process of rotation. To further study this question 20 normal hearts and 15 hearts with double-outlet right ventricle obtained at autopsy were studied. The angle of the aortic-to-pulmonary valve axis relative to the inferior surface of the heart, as viewed from apex to base, was measured from postmortem radiographs. For normal hearts the mean angle was 81 4(SE) degrees. For 13 of the 15 hearts with double-outlet right ventricle the mean angle was 4 + 7(SE) degrees. Two hearts with doubleoutlet right ventricle showed markedly divergent aortic-to-pulmonary valve angles, with a mean of 228 + 1 1 (SE) degrees, and were therefore grouped separately. Although direct comparison of hearts and embryos is difficult because of the differences in methods of determining angles, the valve positions in normal hearts was most similar to Carnegie stage 19, as found in an earlier study. The majority of the hearts with double-outlet right ventricle resembled stage 16 embryos. The results of this study, as well as those of the earlier studies, support the hypothesis that a spectrum of cardiac anomalies with anomalous origin of great vessels arises as arrests in the normal rotation of the semilunar valve region during embryogenesis.
IN A STUDY using three-dimensional computerized reconstructions of serially sectioned human embryos it was possible to show quantitatively that the junction of the outflow tract and the great arteries undergoes a rapid rotation between Carnegie stages 15 and 19.1 This finding led to an examination of the possibility that an arrest in the rotation of the outflow tract may result in certain cardiac malformations such as tetralogy of Fallot and transposition of the great arteries. 2 It was shown that the positions of the semilunar valves in hearts with transposition of the great arteries resembled those in stage 15 , whereas the semilunar valve positions in hearts with tetralogy of Fallot resembled those in stage 18 . The semilunar valve positions in normal hearts were found to be most similar to those in stage 19 , a period when normal cardiogenesis is largely complete.`6 These results suggested that these anomalies arise as arrests in the normal rotation of the semilunar valve axis. The results also suggested that other transposition complexes, such as double-outlet right ventricle, might also be caused by arrests in the rotation of the semilunar valve axis. The present study was undertaken to further study this question.
Materials and methods
Since the term double-outlet right ventricle was first used in 1957 by Witham, a 
Results
Of the 15 hearts with double-outlet right ventricle that were studied, seven were from male patients, six were from female patients, and in two the sex was unknown to us. Among the 13 patients in whom the age was known, the mean age at the time of death was 78 months and the range was figure 1, B ). Statistical analysis also showed this combined group to be highly significantly different from normal hearts (p<.001).
Although separating the hearts of group III from the other two groups may seem artificial, these hearts definitely represent a distinct class (table 2 and figure 1, C). The mean aortic-to-pulmonary valve angle in these two hearts was found to be 228 degrees, which was statistically different from that in both the normal hearts and the other hearts with double-outlet right ventricle (both p<.001). Although rare, similar hearts have been described earlier by Danielson, l7 Blancquaert,'8 Van Praagh, 9 Goor,20 and Lincoln2' and their colleagues using a variety of names. Sridaromont et al. ' 6 also referred to five such hearts that were described as having levomalposition of the great vessels. All these hearts have been described as having viscera and atria in situs solitus, normal ventricular D-loop (i.e., the morphologically right ventricle being rightsided and the morphologically left ventricle being leftsided) and pulmonary stenosis, just as found in our cases. None of the hearts was described as displaying dextrocardia as was found in one of our cases.
Discussion
Although the quantitative approach used in this study to semilunar valve axis, leaving it in a position corresponding to that found normally in the stage 16 embryonic heart. This arrest in rotation of the semilunar valves results in the aortic valve remaining over the right ventricle and to the right of the pulmonary valve. The concept that certain congenital heart malformations such as double-outlet right ventricle may arise as a result of arrests in the outflow tract rotation has been considered by others. As noted by Chauqui,26 Doerr postulated in his "Theory on Morphogenesis," that the Taussig-Bing malformation, which is a specific type of double-outlet right ventricle, corresponds to an arrest in stage 16. Doerr also advanced the concept of a teratologic series or spectrum of anomalies that arises as a result of arrests in outflow tract rotation. This concept was further expanded by Lev et al.,' who suggested that hearts with double-outlet right ventricle were part of a "spectrum of heart conditions, commencing with ventricular septal defect and overriding aorta with or without pulmonary stenosis, which gradually enter into the realm of double-outlet right ventricle, proceed there into Taussig-Bing heart, and finally become complete transposition." Goor and Edwards,20 in a separate report, agreed with this concept, which is further supported by the results of this study and those of a previous study from our laboratory2 (figure 2).
In addition to explaining the location of the great vessels in tetralogy of Fallot, double-outlet right ventricle, and transposition of the great arteries, the rotational theory also explains the presence of ventricular septal defects in these anomalies. The mechanism responsible for the ventricular septal defects associated with other cardiac anomalies is thought by several authors to be due to malorientation of the outflow tract (conus) septum and subsequent imperfect fusion with the interventricular (conoventricular) septum.20 27 28 Therefore, the ventricular septal defect in tetralogy of Fallot, double-outlet right ventricle, and transposition of the great arteries may be viewed as an anomaly caused by incomplete rotation of the outflow tract so that its septum becomes malaligned with the interven-29 tricular septum. A 16so M -PATHOPHYSIOLOGY AND NATURAL HISTORY-CONGENITAL HEART DISEASE conal development. According to this hypothesis, there must be pulmonary conal free wall development and deficient aortic free wall conal development for the normal great artery relationship to develop. It is this lack of aortic free wall conal development that accounts for the normal mitral-aortic fibrous continuity. The side-by-side great vessel relationship seen in hearts with double-outlet right ventricle is thus the result of either combined aortic or pulmonary free wall conal development or bilaterally deficient free wall conal development.
Van Praagh's differential conal development hypothesis was also believed by many to be inadequate, so a related conal absorption hypothesis developed. This hypothesis, supported by Goor and Edwards, 20 proposes that the definitive shape of the outflow tract is primarily due to three processes: outflow tract (conotruncal) inversion, leftward shift of the outflow tract-ventricular (conoventricular) junction, and absorption of the conus. Thus, in their view, double-outlet right ventricle is due to incomplete outflow tract inversion and failure of leftward shift of the outflow tract. The fibrous discontinuity between mitral and aortic valvular material seen in double-outlet right ventricle is the result of inadequate absorption of the aortic conus. Other authors, such as Anderson et al.,3' 5 support their own variation of the conal absorption hypothesis, placing emphasis on slightly different developmental processes.
A different view of pathogenesis of double-outlet right ventricle and the other transposition complexes suggests that a hemodynamic mechanism related to the amount and direction of blood flow may account for the rotational arrests seen in these anomalies. During Carnegie stages 15 through 19, the maximal rotation of the semilunar valve axis occurs; there is also a dramatic increase in the diameter and length of the great arteries.1 The third event, which occurs in conjunction with the rotation and artery elongation, is a reduction in the confinement of the heart by the thoracic wall as the ribs develop and the heart comes to lie more freely in the thoracic cavity. It seems probable that the arterial elongation causes the rotation of the outflow tract region. Since it has been observed that both vessel diameter and length are direct functions of blood flow,36-38 the rapid growth and elongation of the great arteries can be accounted for by increased blood flow. If blood flow through the great arteries were reduced during this critical period, the time course of great artery growth would be altered. This reduction of great artery growth could cause varying degrees of rotational arrest of the semilunar valve area, depending on the Vol. 77, No. 6 , June 1988 timing and severity of the reduced blood flow. In the case of classical double-outlet right ventricle (group I), alterations of blood flow may cause an arrest in rotation that would correspond to stage 16 of development and subsequently alter the time course of development of the positioning of the ventricles, outflow tract, and the two great arteries. As discussed earlier,2 reductions in blood flow at different periods or of varying severity may also account for the arrests in rotation seen in tetralogy of Fallot and transposition of the great arteries.
This hemodynamic hypothesis is not consistent with the association of single ventricle with double-outlet right ventricle (group II). In this group of hearts there was an alteration of intracardiac blood flow produced by the mitral atresia. However, reduced blood flow may have caused the arrest in the rotation of semilunar valves during embryogenesis, as suggested for group I hearts. Single or common ventricle has been noted in a high percentage of hearts with malpositioned great arteries. 35 The above discussion deals with 13 of the 15 hearts with double-outlet right ventricle in this study, specifically those showing classical double-outlet right ventricle (group I) and those with a single ventricle and double-outlet right ventricle (group II). So far, however, little has been said about the two hearts in group III with the aorta anterior and to the left of the pulmonary artery, i.e., the hearts with aortic-to-pulmonary valve angles of 217 and 238 degrees. As mentioned earlier, similar hearts have been described in the literature. [16] [17] [18] [19] [20] [21] Several possible pathogenetic explanations for these hearts have also been proposed. One tentative explanation for this malformation is that the aortopulmonary septum that separates the fourth (aortic) and sixth (pulmonary) aortic arches fuses with the outflow tract (conotruncal) septum in reverse. As Lincoln et al. 21 point out, however, such an argument is closely related to the straight septum hypothesis of Van Mierop et al.',3 3 which has been found to be inadequate. Goor and Edwards20 have proposed that complete isolated conal inversion in reverse would produce this anomaly. They also propose that this type of double-outlet right ventricle, which they refer to as double-outlet right ventricle with L-transposition of the great arteries and D-loop, fits into a spectrum of anomalies along with anatomically corrected transposition, 40 the developmental difference between the two being that in anatomically corrected transposition the outflow tract has undergone the appropriate leftward shift, whereas in this type of double-outlet right ventricle it has not.
Another possible explanation for the position of the semilunar valves in these cases is a hemodynamic one in which the ventricular ejection stream of the embryonic heart preferentially flows through the left fourth aortic arch instead of the sixth aortic arch as found normally.4,'42 This preferential flow would then result in an altered torsion on the growing great arteries. Since great artery growth and elongation may be responsible for the rotation of the semilunar valve axis, as described above, this alteration in torsion could arrest the normal counterclockwise rotation of the semilunar valve axis and reverse its direction. The primitive aortic valve would then no longer rotate posteriorly and to the left but rather anteriorly and to the right.
In conclusion, we believe that the data from this study and those from our previous studies show that the positions of the great arteries in transposition of the great arteries, double-outlet right ventricle, and tetralogy of Fallot differ significantly from the position of the great vessels in normal hearts and that these anomalies form a spectrum of complexes. In addition, the data support the concept that these malformations represent arrests in the normal rotation of the outflow tract during embryogenesis. Reduced blood flow may provide an explanation for why these developmental arrests occur.
